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1. introDuction
Articular cartilage injury or disease is quite common
in the general population and has been associated
with chronic pain, overall leading to a compromised
quality of life1,2,3. Regenerative medicine aims to re-
place injured or diseased tissues with healthy func-
tioning ones. Current treatments used in small carti-
lage defects include subchondral drilling, abrasion
arthroplasty, mosaicplasty and for larger cartilage de-
fects autologous and allogeneic tissue transplantation
as well as total joint replacement are carried out.
In regenerative medicine cartilage tissue engineer-
ing (TE) uses modern techniques and new composite
materials to fabricate healthy functioning cartilages.
The process of tissue engineering often begins with
a scaffold which is a three-dimensional structure de-
signed to mimic the extracellular matrix (ECM), pro-
viding structural support as well as a proliferation and
differentiation inductive microenvironment for dif-
ferent cellular types, such as mesenchymal stem cells
andchondrocytes2.Some of the conventional tech-
niques for scaffold fabrication include solvent
casting/particulate leaching, gas foaming, melt mold-
ing, electrospinning, emulsion freeze drying etc. how-
ever these methods are able to control the scaffold
architecture only partially while they suffer from sev-
eral limitations, such as lack of precise pore size, pore
geometry and high mechanical strength. Precise con-
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trol of the scaffold micro-architecture including de-
tailed geometry and tailoring of the growth micro-en-
vironment into the bioreactor are of major importance
for clinical applications.
2. cellulAr physiology oF ArticulAr
cArtilAge
Articular cartilage belongs to hyaline cartilage and its
structure composes a three-dimensional connective
tis sue that is aneural, avascular with very low density
of resident cells(chondrocytes), which are responsible
for the maintenance of the extracellular matrix (ECM)
molecules and water. Approximately 70%-80% of carti -
lage consists of water, which is vital to nutrient transfer
and load distribution. Chondrocytes are almost 1% of
the cartilage volume and are embedded in the extra-
cellular matrix to produce and organize it. ECM is a
mechanically durable structure consisting of type II
collagen (50% - 73% of dry weight), proteoglycans
(15% - 30% of dry weight) and non-collagenous proteins
(15%-20% of dry weight)4. Articular cartilage is com-
posed of four main histological and biochemical zones,
including the superficial tangential zone, middle tran-
sitional, deep radial, and calcified zone3,5,6 (Figure 1).
In the superficial zone chondrocytes and collagen
fibrils are positioned parallel to the surface to resist
shear stresses. In the middle zone, chondrocytes and
collagen fibers are appeared randomly in order to dis-
tribute the load throughout the tissue. Finally, in the
deep zone chondrocytes and collagen fibrils are aligned
perpendicular to the surface in columns and this helps
to absorb compressive forces. The way cartilage micro
architecture is structured clearly indicates that besides
being aneural and avascular, it also exhibits various
levels of complexity in its structure. Detailed geometry
and the layering of a scaffold is a big challenge, so as
to fabricate articular cartilages to meet the properties
of the physiological tissue.
3. bioreActors AnD cArtilAge tissue
growth
The aim of bioprocessing is the creation of an appro-
priate micro-environment to stimulate mesenchymal
stem cells (MSC) proliferation and differentiation
for targeted cartilage TE. This environment can be
achieved into a bioreactor, which provides production
processes with standards of safety and efficacy for
MSC culturing. MSC differentiation is influenced by
several soluble and mechanical factors of their mi-
cro-environment (Figure 2).
Figure 2. Influence of Soluble and Mechanical factors(2).
Some bioreactors use a constant mechanical force to
stimulate MSCs, while bioprocessing uses mechanical
stimuli only at specific periods of time during the cul-
turing period, like ina perfusion bioreactor where the
construct remains always in the chamber and hydro-
static pressure is applied only periodically3. The most
common bioreactor devices can be classified as in
table 1,
Figure 1. Diagram and photomicrograph of articular hyaline
cartilage(6)
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table 1. Classification of bioreactor devices(2)
Generally, articular cartilage production involves suf-
ficient nutrient transfer throughout the culture medi-
um, and waste products must be removed from around
the cells. This is an in vitro process requiring high cell
densities when scaffolds are seeded in order to achieve
successful tissue formation. Other parameters that
have to be carefully controlled in the fermentation
include oxygen concentration, pΗ and temperature.
3.1 Mechanical forces 
3.1.1 Hydrostatic pressure
Hydrostatic pressure into the chamber within a column
perfusion bioreactor can be raised, by adding more
pressure to the flowing fluid. The change in pressure
from within the matrix eventually forces fluid out of
the tissue and into the synovial cavity. The resistance
that the fluid experiences as it leaves the matrix helps
dissipate energy and allows for a gradual softening of
thetissue3. An experiment from Smith et al.7, showed
that type II collagen mRNA synthesis was increased
by 36% and proteoglycan increased by 31%, when con-
stant hydrostatic pressure applied at 10MPa to high-
density chondrocyte monolayer for 4 hours within low
serum containing medium (1% fetal bovine serum)at
a frequency of 1 Hz (Table II), and no significant change
was obtained when serum-free medium was used.
3.1.2 Direct compression 
Direct compression is another type of mechanical
force that enhances articular cartilage culturing pro-
cess. Dynamic direct compression has produced better
results than static compression3. The parameters that
have to be settled are the frequency of the applied
force, strain or force used, and the duration of the ex-
periment. Many experiments have been made with
ranges on the parameters, including frequencies from
0,0001 to 3Hz, strain from 0,1 to 25%, loads from 0,1
to24MPa and periods of time lasting from hours to
weeks, (Table II).
Design of a laboratory bioreactor for engineering articular cartilage based on 3D printed 19
table ii. Results from hydrostatic pressure and direct compression(7 - 11)
3.2 spinner Flask
One of the most common bioreactors is the spinner
flask, which uses an impeller to mix oxygen and nu-
trients throughout the medium.
Cells are usually seeded onto protein-coated beads
or polymer scaffolds and cultured in the spinner flask
under constant mixing conditions. The hydrodynamic
conditions of the spinner flask are described be-
low: 12-15
where Rei is the impellers Reynolds number, di is
the stir bar diameter, n is the mixing rate, ρ is the
medium density, μ is the medium viscosity, ISF is the
integrated shear factor, D is the flask diameter, Ts is
the impeller tip speed, Ym is the maximum time-av-
eraged shear rate, Np is a dimensionless power num-
ber, ε is the turbulent power dissipation per unit mass
of fluid, n is the size of the smallest turbulent eddies,
and u is the velocity of the smallest turbulent eddies.
Using these equations the hydrodynamic conditions
within the bioreactor can be fully characterized.
Vunjack-Novakovic et al.12, tested cartilage con-
structs from mixed cultures at 50 rpm and found that
the constructs were more regular in shape with 70%
more cells, 60% more sulfated glycosaminoglycan
(GAG) compositions and 125% more collagen II com-
pared with static cultures. So, cells transferred with
higher amounts to the scaffold with the impellers gives
approximately 10 times higher shear force to the s-
caffold which finally enhances its mechanical prop-
erties.
3.2.1 Direct Perfusion Bioreactors
Direct perfusion bioreactors use a pump that forces
the medium through the 3D scaffold. Cells fill the s-
hear force from the fluid flowing through the pores
and can make the extracellular matrix in response to
it, but this shear effect is not necessarily characterizing
hyaline cartilage. Furthermore, cells become aligned
parallel to the direction of fluid flow, instead of being
aligned perpendicular to the fluid flow which is the
desirable direction of cells for articular cartilage.
Many direct perfusion bioreactors have been designed
from researchers with different construction geome-
tries but all of them have something in common, that
there is a tight fit between the scaffold and the walls
of the chamber. This allows more fluid flow through
the pores of the scaffold, so that mechanical stimulus
can be enhanced. Dunkelman et al.16, experimented
with a direct perfusion system using high linear ve-
locity, with a fluid flow rate of 50 μl/min for 4 weeks.
The results showed that the constructs of a 4-8 months
rabbit articular joints had a composition of 25% (dry
weight) GAG and 15% (dry weight) type ΙΙ collagen,
with no type I collagen present. These results are sig-
nificantly lower than that of native cartilage 50-
73%(dry weight) collagen II. Another experiment
from Pazzano et al.17, on cell-seeded scaffolds showed
184% increase in GAG, 155% increase in [3H]proline,
and 118% increase in DNA content, after the set up
which was at a lower flow rates of 7,6 μl/min.
The way direct perfusion bioreactors work may
cause significant damage to chondrocytes and greater
mechanical stress towards the side of the scaffold that
the fluid flows. These results to a thicker matrix for-
mulation compared to the rest of the construct. So,
instead of creation of proteoglycans and type II col-
lagen, fibrous matrix is composed from type I collagen
to protect the cells from the turbulent flow,18 and as
a result the tissue ends up having inferior mechanical
characteristics compared to the native hyaline carti-
lage.
3.2.2 Rotating Wall Bioreactor
The rotating wall bioreactor which was first created
by NASA as a “microgravity” environment for cell
culturing was the first step with positive results in the
cell culturing process. The rotating wall bioreactor
consists of two concentric cylinders rotating indepen-
dently at the same or different rates19. The basic
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principle of this bioreactor is that constructs remain
suspended by two basic forces, gravity and fluid flow. 
Because of the desirable environment for hyaline
cartilage that is the low shear environment many re-
searchers modify and designed rotating wall biore-
actors for their specific experimental needs on cell
culturing, mainly by changing the mechanical forces
and by slowly rotating both cylinders at the same
rate. As the particles fall down through the medium
the flow that created from the rotating cylinder acts
in the upward direction and thus creates a low shear
force. Tsao et al.20 found that by changing the aspect
ratio of the intermediate chamber located between
the two rotating cylinders will help to produce a bet-
ter culturing environment for larger constructs.
The fluid flow in a rotating-wall bioreactors fol-
lows the Navier-Stokes equation: 
where ρ is the fluid density, g is gravity, p is pressure,
μ is viscosity and v is the velocity of the fluid. The ve-
locity which is controlled by the rotation rate of the
walls must be low enough to produce laminar flow
conditions inside the reactor (Reyonld’s number less
than 2000). The most important into the rotating wall
bioreactor is to avoid creating high levels of turbulence
which increases the amount of shear exerted from the
constructs and the benefit of this kind of bioreactor
is abolished. Published results show that the rotating
wall bioreactor produces higher fraction of GAG and
collagen than do mixed flasks or static culture, (Table
III), Martin et al.21 cultured constructs for 6 weeks
and produced tissue that had compositions of GAG
and total collagen that were 75% and 39%, respec-
tively. Also, Freed et al.22 obtained similar results by
having 68% of native GAG and 33% of native type
II collagen compositions.
4. Design oF A coMbineD bioreActor
For 3D printeD scAFFolDs
The basic concept was based on a 3D printed nose
septal cartilage-like scaffold from Poly-lactic acid
(PLA) (figure 3), aiming to construct a bioreactor
able to host cell colonization and growth within the
scaffold, overcoming restrictions of commercially
available ones.
In addition, the design uses advantages of the ex-
ternal mechanical stimuli coming from different sys-
tems of bioreactors, combining them in one device to
improve the quality of the produced septal/articular
cartilage.
The chamber was designed at a cylindrical shape
with a height of 12cm and a diameter of 10cm. This
shape allows the researcher for better access while
working with the scaffold. The base-cylinder will stand
at a horizontal position to make use of the gravity
force, that comes from the flowing fluid circulation,
resulting to higher
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table iii. Culture results from a rotating wall bioreactor(21,22)
ρg –    p + μ .     2V = ρ 
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Figure 3. PLA scaffold of septal cartilage.
amounts of cells transferred into the scaffold. The
shape of this bioreactor allows hosting of transplants
with maximum dimensions of [8x5x4cm], which is
higher compared to several commercially available
bioreactors (Figure 4).
The bottom of the cylinder will be equipped with two
agitator mechanisms rotating clockwise two cylinder
fans with a cone shape (figure 5). The rotation of the
fans creates an upward fluid flow direction opposite
to the mechanical force that is created from the cir-
culation of the flowing fluid, thus will apply a desirable
low shear stress on the scaffold. The shear stress is ex-
pected to improve the sulfated glycosaminoglycan
(GAG) content and the growth of type II collagen.
conclusions
Previous research has shown that mechanical stimuli
greatly influence the development of articular cartilage.
Different kinds of commercial bioreactors with dif-
ferent basic operating principles have been used for
articular cartilage growth, applying variable types of
mechanical forces, such as hydrostatic pressure, direct
compression or shear stress to improve the quality of
the composition of the final transplants.
Some of the factors which were considered in the
design are the flexibility regarding space requirements,
allowing enough space for placing a 3D-printed nose
septal scaffold (PLA-based), and the flexibility in set-
ting different parameters, such as the flow of the fluids,
that are inserted into the chamber, and also by setting
different rotational speed (rpm) to the agitator mech-
anisms independently, to control the shear stress and
eliminate the turbulent flow. The above procedures
can also be automated during the culturing period
excluding manual manipulations enhancing contain-
ment and sterility.
Further development of the device will include
setting up of direct compression force on the scaffold,
using different setting parameters, such as the fre-
quency and strain of the applied force, and the dura-
tion of the experiment to enhance proteoglycans com-
positions and type II collagen content of the engi-
neered cartilage tissues.
Finally, we suggest that the researchers must focus
on a customized design of a bioreactor that will be
constructed to meet the clinical needs for nasal car-
tilage regeneration that combines some of the advan-
tages of mechanical stimuli that other bioreactors use.
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Figure 5. Section view of the bioreactor with two agitator
mechanisms.
Figure 4. Space requirements
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Σχεδιασμός ενός εργαστηριακού βιοαντιδραστήρα για την ιστομηχανική
αρθρικού χόνδρου βασισμένο σε 3Δ εκτυπωμένα ικριώματα 
παρόμοια του ρινικού διαφράγματος
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Περίληψη: «Η εκφύλιση των χόνδρων είναι μια σοβαρή πάθηση που επηρεάζει μεγάλο μέρος του πληθυσμού σε όλο το
ηλικιακό φάσμα. Επί του παρόντος χρησιμοποιούνται διάφορες τεχνικές αποκατάστασης για μικρής έκτασης βλάβες όπως
η αρθροπλαστική απόξεσης και ο υποχονδρικός τρυπανισμός, οι οποίες δεν μπορούν να επιδιορθώσουν βλάβες μεγαλύτερης
έκτασης. Η Αναγεννητική Ιατρική προωθεί την Μηχανική Ιστών στο προσκήνιο των σύγχρονων μηχανικών τεχνικών, συν-
δυάζοντας καινοτόμα βιοσυμβατά υλικά, νέες μεθόδους μηχανικής ιστών όπως η τεχνολογία 3D εκτύπωσης και βιοδιαδικασίες
που αποσκοπούν στην δημιουργία ποιοτικών μοσχευμάτων για εκτεταμένες βλάβες των χόνδρων. Κατάλληλο κυτταρικό
περιβάλλον για δημιουργία ιστών μπορεί να επιτευχθεί με την ανάπτυξη αυτών των μοσχευμάτων σε βιοαντιδραστήρες.
O κάθε βιοαντιδραστήρας χρησιμοποιεί διαφορετικές αρχές καλλιέργειας, και ορισμένοι από αυτούς όπως οι μικτού
τύπου και οι βιοαντιδραστήρες διαπότισης επιστρατεύουν την άσκηση μηχανικών δυνάμεων επί του ικριώματος ώστε να
επιτευχθεί μεγάλη κυτταρική πυκνότητα και ενισχυμένες μηχανικές ιδιότητες που οδηγούν στην δημιουργία καλύτερης
ποιότητας χόνδρου. Αυτές οι ιδιαιτερότητες των βιοαντιδραστήρων μπορούν να αποτελέσουν εφαλτήριο κατασκευής ερ-
γαστηριακών βιοαντιδραστήρων, για την καλλιέργεια 3D εκτυπωμένων ρινικών διαφραγμάτων ως ένα λειτουργικό
παράδειγμα υαλώδους χόνδρου».
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